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Abstract 
Previous studies concluded that inclusions highly influence the initial cracking and propagation of the surrounding mortar. This 
initial cracking and propagation further affects the specimen’s compression strength. It was also shown that the ratio of the 
inclusion area with respect to the mortar and the inclusion configuration determine the stress levels where cracking starts. The 
stress concentrations were especially pronounced for the inclusions with sharp angles in the line of loading. This paper evaluates 
the influence of the inclusion-to-mortar area ratio and the inclusion angle to the micro-crack behaviour and compression 
strength of a single-inclusion mortar specimen. Visual observations to the specimen’s behaviours under increasing load were 
accessed, and the STRAND7 software was utilized to study the stress distributions and concentrations of the mortar area adjacent 
to the interface between the aggregate and mortar. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
It is widely understood that stress disparities in composite materials significantly influence the ultimate 
compression strength [1-3]. These studies were conducted to 100 x 100 x 50 mm mortar specimens having a single 
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aggregate inclusion, positioned at the centre of the specimens. The results suggested that the stress levels at which 
initial cracking occur, the crack propagation, the crack pattern and the compression strength of the specimens were 
heavily influenced by the characteristics of the inclusions. The most significant inclusion characteristics were the 
area-ratio of the inclusion with respect to the mortar perpendicular to the line of loading, the inclusion configuration 
and the magnitude of angle’s inclusion in the direction of the compression load. 
The studies in [1-3] were performed on specimens with cylindrical and rectangular inclusions having an 
approximate constant inclusion-to-specimen area ratio. The test result of these studies showed that the cracking 
patterns of both cylindrical and rectangular inclusions were columnar, i.e., parallel to the line of the load. This 
finding was underlined by the basic understanding of material behaviour under uniaxial compression stresses and is 
due to the influence of the Poisson’s ratio. In all cases, the cracking was initiated in the mortar matrix adjacent to the 
inclusion at mid-height, except for SP2 where the first crack was detected at the upper tip of the aggregate inclusion. 
Reducing the inclusion height, as was seen for specimen SP1 to specimen SP4, had almost no effect to the 
compression strength and initial cracking load level (Fig. 1). 
 
 
Fig. 1. Inclusion influence to strength ratio [2,3]. 
As mentioned, the diamond shaped inclusion SP2 demonstrated a deviation in the cracking pattern. First-cracks 
were initiated in the mortar at the upper tip of the diamond, and propagated along the interface between the 
aggregate and the mortar. An intriguing test result was the considerable drop in compression strength of this 
specimen when compared to the specimens SP1, SP3 and SP4. This strength depreciation phenomenon was 
analyzed using the SAP 2000 software (Computers and Structures Inc.). High stress concentrations were detected 
within the mortar matrix surrounding the tip of the inclusion, resulting in the premature initial cracking [4]. 
Studies conducted by the photo elasticity theory [8] strengthen the obtained conclusion, and confirmed that stress 
concentrations are greatly influenced by the presence of sharp-edged inclusions. Additionally, a research involving 
rotated rectangular inclusions was conducted on crystal slabs, and the results showed that the configuration of the 
inclusion not only influenced the stress concentrations, but resulted in a differentiation in stress distribution within 
the adjacent material [9, 10].The interesting fact is that while the cracking pattern of elements with voids has been 
extensively studied [5-7], the analysis of stresses in the vicinity of rigid inclusions is scarcely looked into. 
2. Research on the inclusion 
To provide a better understanding to the behaviour of specimens with single inclusions, research work was 
conducted at The Material and Construction Laboratory, Diponegoro University, Semarang-Indonesia in 
collaboration with the Laboratory of Computational Applied Mechanics, College of Engineering, Nihon University, 
Fukushima-Japan. This research included the analyses concerning the effect of inclusion-to-specimen area ratio, and 
the analytical study to determine the influence of the inclusion angle to the ultimate compression strength and crack 
propagation. Six 100 x 100 x 50 mm mortar specimens having the exact same material properties were casted for 
every prototype, from which three valid data were generated.  
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2.1. Inclusion-to-specimen area ratio 
To study the inclusion-to-specimen area ratio ramifications, specimens with a cylindrical inclusion of 
respectively 20.85; 28.35 and 45.56 mm in diameter were produced. These specimens were denoted as BC0, BC1 
and BC2. The aggregate inclusion was obtained from a bulk stone through diamond-bladed, water cooled core 
drilling. To eliminate bleeding in the interface area, the inclusions were casted vertically as can be seen in Fig. 2. 
 
 
Fig. 2. Specimen casting and inclusion placement. 
2.2. Stress concentration and inclusion material 
Since previous studies identified a deviation in behaviour due to the presence of sharp angled inclusions, one 
specimen with a triangular inclusion BTR was considered. This inclusion was placed with its centre of gravity 
coinciding with the specimen’s gravity point. The area for specimen BTR was measured at mid-height as shown in 
Fig. 3.The triangulated inclusion had an angle of 600andthe inclusion-to-specimen area ratio was made to approach 
specimen BC0as close as possible. 
 
 
Fig. 3. Inclusion-to-specimen area ratio. 
The triangular aggregate was obtained by water cooled, diamond sawing from an undisturbed bulk stone. All 
aggregate inclusions were in a saturated surface dried condition at the time of casting, to minimize the absorption of 
mixing water that is required for the cement’s hydration process.  
One specimen with a cylindrical steel inclusion was prepared and assigned as BS. The diameter of this inclusion 
was 20.8 mm, resulting in an inclusion-to-specimen area ratio identical to BC0. The steel has a tensile strength (fs) 
of 400 MPa and a Poisson’s ratio (ȣs) of 0.3 with an elastic modulus (Es) of 200 GPa. Per assumption, this material 
has a zero absorption rate. During the hardening process of the mortar, the aggregates will release the absorbed 
water, creating a water-film surrounding its surface. In addition to leaving a gap upon evaporation, this water film 
will result in dissimilarities in crystal formation as a product of the cement hydration process. The large crystals tend 
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to weaken the interface and promote the formation of cracks in this area. The specimen BS was used to examine this 
hypothesis. 
3. Experimental test results 
At the age of 28 days, all specimens were tested and the load sand corresponding displacements recorded. The 
ultimate load at failure was documented, and further converted to the compression strength by dividing this ultimate 
load by the area perpendicular to the load. The mortar-only specimen for this study functioned as the controlling 
element. The compression strengths were further normalized to the compression strength ratio by dividing each test 
result by the compression strength of the mortar-only specimen. The data is presented in Table 2. 
Table 2. Compression strength of specimens. 
Specimen Ultimate Load (kN) 
Compression 
Strength (MPa) 
Compression strength 
ratio to the mortar-only 
specimen B0 
B0 123.28 24.65 1.00 
BC0 110.40 22.08 0.89 
BC1 101.98 20.40 0.82 
BC2 97.36 19.47 0.79 
BS 115.43 23.09 0.94 
BTR 70.90 14.18 0.57 
SP1 112.00 22.40 0.91 
SP2 88.90 17.78 0.72 
 
To perform the analyses and study the influence of the inclusion-to-specimen area ratio, all data was tabulated 
against the compression strength ratio. This data can be examined in Table 3. 
Table 3. Strength and area ratio. 
Specimen 
Compression strength 
ratio to the mortar-
only specimen B0 
Inclusion-to-
specimen area 
ratio d/D 
B0 1.00 0 
BC0 0.89 0.21 
BC1 0.82 0.28 
BC2 0.79 0.45 
BS 0.94 0.21 
BTR 0.57 0.20 
SP1 0.91 0.20 
SP2 0.72 0.28 
 
This approach is eventually an approximation, since in reality the load carrying capacity of a structure or element 
is a three-dimensional case, and the stress flow is an integral phenomenon that is not determined solemnly by the 
stresses at mid-height. However, this method will provide a good assessment for comparison purposes. The 
compression strength ratio as a function of the inclusion-to-specimen ratio relationship is shown in Fig. 4. Since 
multiple data was available for the cylindrical inclusion type, a correlation between the compression strength ratios 
as a function of the inclusion-to-specimen area ratios was drawn and presented as a dotted line. The compression 
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strength decreased in accordance with an increase in inclusion diameter. The behavior followed a quadratic concave 
path, suggesting that a turning point exists.  
 
 
Fig. 4. Experimental test results. 
The single data originated from the steel and triangular aggregate inclusion BS and BTR was superimposed into 
the graph for analyses purposes. Data from the previous research was added to strengthen the conclusions. As 
predicted, the triangular inclusion BTR yielded in a very low compression strength ratio. Observations performed 
visually during the loading process underlined a preliminary crack initiation at the tip of the inclusion. The 
compression stress at first cracking for BTR was also far below the compression stress of the cylindrical inclusion 
BC0. The steel inclusion had a significant higher compression strength ratiocompared to its identical aggregate 
inclusion. The specimen SP1 having a rectangular configuration and a 180 degree angle had a compression-strength 
ratio that lay between the steel and aggregate inclusion with the same d/D value. 
Specimen SP2 having a diamond shape with an angle of 90 degrees in the direction of loading showed a decrease 
in load carrying capacity when compared to its cylindrical counterpart BC1. Its compression strength was, however, 
higher than the BTR. 
4. Numerical analysis 
The Strand7 [11] general finite element software was used to simulate the behaviour of triangular inclusions with 
a variation in angles. This method was chosen in favour of experimental testing, since the production of triangular 
inclusions with a relatively controlled form and surface was found to be very difficult. Prior to the numerical 
analysis, the Strand7 program was run to validate the experimental data of the cylindrical inclusions, and was 
proven eligible. The Strand7 software enables the accommodation of non-linear material behaviour, as well as the 
assignment of failure criteria. The Kupfer-Hilsdorf-Rusch failure envelope was chosen for the mortar analysis, while 
the constitutive model for the stress-strain behaviour was approached by the fib Model Code for Concrete Structures 
2010 [12].  
The behaviours of both the aggregate and steel inclusion were considered linear, and since the ultimate strength 
was considerably higher than the mortar, the failure mode of these inclusions was not taken into account. The 
ultimate load of the specimen is thus determined by the strength of mortar, and the interaction between the mortar 
and the inclusion. 
The program was run for a number of inclusion angles ranging from 20 to 100degrees. The area of the inclusion 
in the plane of load was kept constant, satisfying an unchanged d/D ratio. The test cases are shown in Table 5 and 
the numerically obtained results are presented in Table 6. 
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Table 5.Numerical simulation specimen detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Table 6.Compression strength ratio for triangular inclusions. 
Specimen Compression Strength (MPa) Strength ratio 
STR1 12.50 0.51 
STR2 15.00 0.61 
STR3 15.50 0.63 
STR4 20.00 0.81 
STR5 22.50 0.91 
 
The compression strength ratios were plotted against the inclusion angle. The result is shown in Fig. 5. 
 
 
Fig. 5. Ultimate compression strength of triangular inclusion specimens. 
Specimen identification Upper angle (degrees) Inclusion configuration 
STR1 17 
 
STR2 37 
 
STR3 60 
 
STR4 86 
 
STR5 106 
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The load carrying capacity of specimens increased as a function of the inclusion angle. The data was normalized 
by dividing the compression strength of each specimen with the compression strength of the controlling, all-mortar 
element B0. 
5. Analysis and conclusion 
5.1. On the aspects of inclusion-to-specimen ratio and inclusion material 
The test results showed that an increase in cylindrical inclusion diameter resulted in a gradual decrease in 
strength. Previous studies [2] concluded that the larger the inclusion diameter, the more pronounced the stress 
intensity was in the mortar adjacent to the inclusion. This is understandable, since the mortar strips that carried the 
load weakened as the inclusion became larger. The cracks were always initiated along the interface in tension, as can 
be observed in Fig. 6. 
 
Fig. 6. Initial cracking of cylindrical inclusion specimens. 
The numerical study complementing the experimental results also concluded that the initial cracking occurs at a 
lower loading level for the larger inclusions. The pattern of the curve, however, suggested that a turning point exists; 
this is explained by the fact that at some point, the weakening effect of the interface in conjunction with a reduction 
of the mortar adjacent to the inclusion is compensated by the increasing load carrying capacity of the inclusion 
itself. Further research work involving cylindrical inclusions with a diameter larger than 45 mm are required to 
explain the complete behaviour of the stress versus area ratio curve. 
The triangular inclusion BTR showed a 57% strength capacity to the mortar specimen, resulting in a 32% 
reduction when compared to the cylindrical inclusion BC0 having a similar inclusion-to-specimen area ratio. The 
origin of this large drop is explained by the existence of a shear-flow [4] and the high stress concentrations in the 
mortar at the tip of the inclusion (Fig. 7). 
 
 
Fig. 7. Crack pattern and shear flow for triangular inclusions. 
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The rectangular specimen SP1 on the other hand, possessed a high compression capacity, underlining the 
dominant negative influence of stress concentration in the vicinity of sharp tip angles. Aspects of absorption, the 
water-film and a weak interface were proven correct by the steel inclusion BS, which had a 5% higher compression 
strength than BC0. 
5.2. The influence of stress concentrations to the compression strength 
To explain the reduction of the compression strength as a function of the inclusion angle, the specimens BC0 and 
BTR were analyzed by the Strand7 software. For a given load increment of 125 kN, the stress distributions induced 
in the mortar were recorded, and the stress levels studied (Fig. 8). 
 
Fig. 8. The principal tensile stresses in specimens BC0 and BTR. 
The stress pattern showed that a different stress distribution in the mortar exists due to the presence of the sharp 
tip. The stress-flow as predicted by the theory of Griffith [4] was proven to be right. Comparing the intensity of 
stresses in the surrounding mortar material, it can be seen that for the same loading level, much higher stress 
concentrations were observed in specimen BTR when compared to BC0. For the specimen BTR the highest tensile 
stress was found at the tip of the triangular inclusion, measured as to be8.4MPa. For the cylindrical inclusion BC0, 
the extreme tensile stresses were located in the interface in tension, which is adjacent to the inclusion with a 
maximum stress at 4.3 MPa.  
Two points can be highlighted from these results. Firstly, the presence of sharp tip inclusions induced a stress 
concentration in the mortar that caused premature failure of the mortar. The intensity of the stress concentration of 
BTR measured up to two times when compared to the specimen without sharp tip angles; thus a smaller angle will 
lead to an even more distinct stress concentration. Secondly, the existence of sharp tip angled inclusions shifted the 
initial cracking location and created a different crack propagation pattern within the mortar. 
More work should be done to explain the influence of the interfacial transition zone to the compression strength 
of a specimen with various inclusions. Current research work is focused on the modelling of this interface by the 
Strand7 software. This study is aimed to find the best model for representing the specimens as explained in the 
reference [13]. 
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